5. CGS4 is a cryogenic grating spectrometercontaining a two-dimensionalarray of lnSb photodiodes, 24, 978 (1992) . In our modeling we derive the radiance factor at zero degrees phase angle (i= e = 0 degrees). We assume isotropic surface scattering, a lunar-like regolith parameterfor Hapke's h-value, and we make no corrections for macroscopic surface roughness. The continuum is defined as a series of straight line segments connecting local maxima such that data between maxima are not cut by the continuum. This has the effect of eliminating absolute albedo information. However, preliminary calculations of geometric albedos for these mixtures are entirely consistent with the values derived from the telescopic data. We shifted the optical constant values to agree with the 0 b~e~a t i 0 n a l data (1992 smoothed data) prior to calculation of the spectra. 9. B. Schmitt etal., Bull. Am. Astron. Soc. 22, 1121 (1990) (abstract). The CH, fraction has been changed since publication of this abstract and is now "between 0.05 and 0.5%." A more extensive paper has been submitted to Icarus. 10 QB1, and the great comet of 1729 (1).
These objects represent an especially primitive stage in the transition from the grains and gas of interstellar clouds to the la nets and satellites of the solar system.
We have presented observations of the near-infrared spectrum of Triton (2) . We used the same instrumental configuration to study Pluto, without the benefit of Voyager data to provide a context for our work. It is the only planet not yet visited by spacecraft, but its recent occultation of a star (3) and the mutual eclipses and occultations exhibited by Pluto and its synchronously orbiting satellite Charon (4) have helped to define this distant system (5).
Using the cooled grating array spectrometer with the United Kingdom Infrared Telescope, we recorded Pluto's spectrum from 1.4 to 2.4 pm (4160 to 7140 cm-l) at a resolution of 350 on 27 and 28 May 1992 (UT) (6) . Previous observations at lower resolution had established that there is solid CH, on Pluto's surface (7) . Our spectra strong triad bf CO, bands near 2.0 pm (2) means that the amount of this ice on Pluto must be less than one-third of the amount that forms the spectrum of Triton. The shapes of the CH4bands in the region from 2.0 to 2.4 pm are broader and deeper on Pluto, whose spectrum exhibits an additional CH4 feature at 1.48 pm that is not present on Triton (Fig. 2) . Another CH, band of comparable strength in the laboratory (at 1.68 pm) does not appear in the spectrum of either Pluto or Triton. This difference in appearance of the CH, absorptions must carry some information'about a difference in temperature, composition, or average grain size on the surfaces of Pluto and Triton. Unfortunately, the laboratory data are not yet adequate to determine this difference.
The N, feature at 2.15 pm is distinctly weaker on Pluto than on Triton; there is a hint of an accompanying absorption at 2.16 pm (Fig. 1) . The association of this feature with N, is confirmed by the fact that its strength has the same proportion to the primary 2.15-pm N, absorption as in the spectrum of Triton (2) . Further study of this band should help to place better constraints on the poorly defined surface temperature of Pluto (8) because the relative intensity of the 2.16-pm feature is strongly temperature-sensitive (9) .
At the scale of the entrance slit of the spectrometer, Pluto and its satellite Charon are not resolved into individual obiects. so , , the resulting spectrum is a composite of the contributions of each. The spectrum of Charon is known to exhibit absorption from H,O ice (10, 11) . At a given wavelength, Charon's contribution to the combined spectrum with Pluto is weighted by the relative areas of the two bodies and by the geometric albedos of their surfaces. From the mutual eclipses and transits of Pluto and Charon observed in the 1980s, we a d o~t the radii of Pluto and Charon as 1142 and596 km, respectively. The area ratio of Pluto to Charon is then 3.67, with Charon's contribution as 27% of the total (12) .
We have modeled the Pluto spectrum using the same basic approach we applied to Triton (2, 13). The model consists of an intimate mixture (a salt-and-pepper configuration) of N,, CH4, and CO ices to represent Pluto, plus a spatially segregated area of H,O ice representing Charon's contribution to the spectrum (Fig. 2) . The H,O spectrum used for Charon's contribution was computed separately on the basis of scattering theory with the use of the Charon spectrum of Buie and colleagues (I I) and optical constants of the pure ices (14) . Absorption bands of H 2 0 ice in the wavelength region of interest are broad (0.1 to 0.3 pm), and in the model they principally affect the shape of the continuum on which the narrower bands of CH,, N,, and CO are superimposed. In the present case, the H 2 0 ice that is included as a spatially segregated component in the model spectrum most strongly affects the regions from 1.45 to 1.55 pm and from 2.10 to 2.30 pm. The effect of the H 2 0 ice is not evident in the observed spectrum of Pluto plus Charon; our calculated spectrum is too low at 1.5 pm and too high at the longer wavelengths.
As in the case of Triton, we find that N, is the most abundant surface ice on Pluto. The abundances of CH, and CO are greater on Pluto than on Triton but are still small relative to that of N,. As in the case of Triton, Pluto's CH, bands are shifted from their laboratory-measured wavelengths, demonstrating that CH4 and N2 must be mixed at the molecular level to form a solid solution. A checkerboard or salt-and-pepper model for the surface distribution of the two ices does not help to explain the observed wavelengths of the CH4 bands. Thus, the intimate mixture (salt-and-pepper) model we have used (Fig. 2) is not correct but is the best we can do with available laboratory data for the optical constants of these ices (15) . As noted in our discussion of Triton's spectrum (2), the shifting of the CH, bands is a complex phenomenon related to the concentration in the solvent (N,) that affects not only the central wavelength but the shape of the bands as well. Furthermore, the various CH, bands in this spectral region behave differently from one another (16) . In the case of our model of Pluto's spectrum, the derived abundance of CH, (1.5%) is consistent with the degree of shift of the bands.
-
This consistency means that CH4ice is more abundant on the surface of Pluto than on Triton, where it is -0.05% (2). The exact abundance will be more reliably derived from models that incorporate optical constants of true molecular mixes of N, and CH, when they become available. The present uncertainty in the CH, abundance as determined from our models is a factor of 2.
We modeled the CO in Pluto's spectrum using only the (2,O) band at 2.352 pm, although the weaker (3,O) band at 1.578 pm may also be marginally present on the short wavelength slope of a CH4 band. As in the case of Triton, we cannot establish whether the CO is present as individual grains or dissolved in a molecular mixture with N, and CH,, because the wavelength shift of CO that results from matrix effects is below the resolution limit of our Pluto spectrum. The similarities in the vapor pressures of CO and N, suggest that these ices are mixed at the molecular level, but there is no independent information from the planet's atmosphere or surface to help resolve this question. If CO is present as individual grains of ice, the particle sizes cannot be extremely small because of the quenching effect that small grains would have on the strength of the N, band. In our best fitting model, the abundance and grain size of CO are 0.5% and 0.5 mm, respectively, again with a factor of 2 uncertainty.
There are several conclusions we can draw from this coupled set of observations of these two frigid worlds. The first involves Pluto's atmosphere. If we assume that CH4, CO. and N, are the onlv volatiles on Pluto. that the ices are in ideal solutions, and that the atmospheric composition is determined simply by vapor-ice equilibrium, then the partial pressures are Pi = Xi.Vi, where Xi is We can tightly constrain the possibilities for the surface temperature and pressure by combining our inferences about the atmospheric composition with the constraints imposed by the 1988 stellar occultation. The data in Table 1 demonstrate that for all temperatures, the atmosphere is >99% N,, close to the 100% N, atmosphere considered by Elliot and Young (19) Although our discovery of N, and CO substantiates the suggestion by Yelle and Lunine (20) that a gas heavier than CH4 is present in Pluto's atmosphere, the amount of CH, gas that we infer is less than the 0.1% apparently required by their model to maintain the lower atmosphere at 106 K. However. their model has alreadv survived ., some observational tests. It predicts that the atmospheric temperature profile should be isothermal with altitude, which has been established from the Kuiper Airborne Observatory occultation data (19) for a zone that begins -10 km above the surface (or haze layer) and extends upward for several scale heights (21). At those altitudes, under the assumption of 100% N, (19) , the atmospheric temperature is 104 +-21 K.
The agreement of this observationally derived value with Yelle and Lunine's prediction may mean that even less CH4 than they proposed is needed to raise the temperature or that there is another way of increasing the CH4 vapor pressure in the atmosphere than by sublimation from surface frosts. An atmospheric heating source other than CH, (such as aerosols) may also be at work. The role of CH, heating is significant to an understanding of the difference between the atmospheric models for Pluto and Triton, which results from the amount of CH, in each atmosphere. For Triton, the amount of CH4 (as determined by Voyager observations) is too low for radiative Drocesses to affect the energy balance significantly (22) . However, in the current model for Pluto radiative absorption and reemission by CH4set the energy balance at 106 K (20) . A test of the CH, atmospheric abundance that we have inferred from the surface ice spectra will come from an observational study of CH, gas absorption in Pluto's atmos~here (23) .
As on Triton: ~l u t o shows no evidence of other ices; we found the same list of absent ices on that planet. In one respect, this absence is even more puzzling than for Triton because Pluto is darker and exhibits a 0.3-magnitude (-30%) variation in brightness as it rotates, indicating an inhomogeneous surface. If the general similarity of Pluto's sDectrum to that of Triton is at all diagnostic of surface conditions on these two bodies, we expect thicker, more widespread deposits on Pluto of dark material similar to the isolated patches the Voyager cameras revealed on Triton. This exoectation carries with it the idea that intermediate products in the chemical reactions leading from CH, and N, to this dark material should be Dresent. Evidentlv their concentration is extremely low.
The relatively high abundance of molecular N, on Pluto and Triton supports the widely held hypothesis that the missing (that is, unobserved) 70% of the cosmic abundance of N, expected in the interstellar medium (ISM) is in the form of N, (24) . The low abundance of N, in Halley's Comet (2.5) could then be understood to result . , from sublimation and desorption of an original endowment of N, (26) . The low relative abundance of CO on Pluto and Triton poses a problem, however. From ISM abundances, one expects the C O N , ratio to be -1. Evidently some combination of the partial processing of C O to CH4 and CO, during accretion [following pathways demonstrated in the laboratory (27) ] with subsequent layering on the surface according to vapor pressure led to the presently observed state. From this view, the absence of observable CO, on Pluto, in contrast to Triton, resulted from the current difference in the general circulations of the atmospheres of these two bodies, corresponding to the different inclinations of their rotational axes. On Triton, the flight of N, from the sunlit southern hemisphere could have exposed underlying CO, to view. Observations over the next few decades could easilv test this model if the circulation pattern on Pluto changes sufficiently before the atmosphere simply freezes out.
Finally, the amount of neon in the atmospheres of these objects is important because the cosmic abundance of this element is about equal to that of N, (28) and its vapor pressure is 5 x lo6 the pressure of neon at 35 K. Neon should therefore dominate these atmospheres, although on Triton this is clearly not the case (29) . If neon were so abundant, there would be a lower mean molecular weight on Pluto from occultation observations than the value corresponding to 99% N, ( We now only have observations of one hemisphere of this variegated planet. Future investigations may reveal some spectral signature that could help to identify the dark material on both of these objects. Laboratory studies of the CO, CH4, and N, ices to develop better matches to the spectra should provide better insight into surface conditions. (I I ) have dealt only with powdered a-N2 because large crystals are difficult to obtain.)
We assume that Triton is completely differentiated (2, 8) , with a silicate core of radius -1000 km overlain by a water-ice mantle about 350 km thick and a thin veneer of solid N,, no more than 1 km thick. We include in our heat transfer model the effect of the reversible phase transition from the denser cubic a phase to the hexagonal P phase that occurs when the temperature rises to 35.61 K (for the 14N2isotope at equilibrium vapor pressure), at which latent heat of 55.62 callmol for the 14N2 isotope (11) is absorbed. The
